We evaluated the potential correlation of the hematopoietic cell transplantation comorbidity index (HCT-CI) with the risk of developing post-transplant invasive fungal infections (IFIs). Between January 2009 and March 2015, 312 consecutive patients who received a first allograft entered the study. Low/intermediate HCT-CI risk score (0-2) was observed in 172/312 (55%), whereas high HCT-CI score (≥3) was seen in 140/312 (45%). Overall, 51/312 (16%) patients experienced IFI, defined as possible in 19 (6%), probable in 27 (9%), and proven in 5 (2%). Cumulative incidence of probable-proven IFI at 1 year was 8.5% with a significant higher incidence in patients with high HCT-CI (12%) vs. those with low-intermediate HCT-CI (5%; p = 0.006). There was a strong trend for a higher incidence of baseline severe pulmonary comorbidity in patients who developed probable-proven IFI (p = 0.051). One-year cumulative incidence of non-relapse mortality was higher in patients with IFI vs. those without, 49 and 16% (p < 0.001). By multivariate analysis, disease status at transplant and high HCT-CI, when combined with acute GVHD, were independently associated with the risk of post-transplant IFI. This study shows that a high HCT-CI predicts the risk of developing IFI and may indicate the need of mold-active antifungal prophylaxis in high-risk patients.
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Introduction
Despite improvements in diagnostic strategies and antifungal treatments, invasive fungal infections (IFIs) remain a major life-threatening complication in patients who undergo allogeneic hematopoietic stem cell transplantation (HSCT) [1, 2] . Several variables have been associated with a higher risk of developing IFI. They include HSCT from alternative donors, active hematologic malignancy at the time of transplant, older age, and presence of graft-versus-host disease (GVHD), CMV infection, and iron overload [1] [2] [3] [4] . Appropriate assessment of these variables is essential to identify patients who may require more aggressive prophylaxis and/or antifungal therapies. Moreover, risk scores based on pre-transplant clinical parameters with the aim of predicting HSCT outcomes have been developed in recent years [5] [6] [7] . In 2005, Sorror et al. [8] introduced the hematopoietic cell transplantation-comorbidity index (HCT-CI) that evaluated the impact of 17 comorbidities on non-relapse mortality (NRM) in a cohort of 1055 patients with various hematologic malignancies. A thorough pre-transplant assessment of comorbidities was shown to play a pivotal role in predicting the risk of NRM [8] .
More recently, other clinical parameters have been added to the HCT-CI [9] [10] [11] . Of note, the application of the HCT-CI also showed its efficacy in predicting severity of acute GVHD and subsequent mortality [12] . The aim of the present study was to investigate whether the HCT-CI could correlate with the risk of developing IFI after HSCT, and help to select patients who may most benefit from mold-active prophylaxis and/or more intensive diagnostic workup. 
Patients and methods
Study design and data collection
Conditionings and HLA typing
Patients were prepared for transplant either with myeloablative or reduced-intensity/non-myeloablative conditionings (Table 1) in the light of their clinical conditions and HCT-CI. Reduced-intensity/nonmyeloablative regimens were usually preferred in patients over 55 years of age and/or in presence of pre-transplant comorbidities. By the EBMT (European Blood and Marrow Transplant Group) criteria, myeloablative conditionings had to contain a total busulfan dose >6.4 mg/kg i.v.; or a cyclophosphamide dose >120 mg/kg (or >60 mg/kg if in combination with other drugs); or a melphalan dose >140 mg/m 2 ; or a total body irradiation dose >6 Gy. Regimens with lower doses were defined as reduced-intensity/non-myeloablative conditionings. HLA typing was carried out at HLA-A, HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1 by highresolution molecular methods.
GVHD prophylaxis and supportive care
GVHD prophylaxis included cyclosporin (CSA) and shortcourse methotrexate or CSA combined with micophenolate mofetil (MMF). In vivo T-cell depletion with thymoglobulin (5-7 mg/kg divided into two doses) was used in transplants from unrelated donors. Patients transplanted from haploidentical donors received tacrolimus, MMF, and post-transplant cyclophosphamide as described by Luznik et al. [13] . Both acute GVHD and chronic GVHD were diagnosed on the basis of clinical symptoms and/or biopsies according to standard criteria [14, 15] . Severity of chronic GVHD was assessed according to National Institutes of Health criteria, and graded as mild, moderate, or severe [16] . All patients received prophylactic quinolones and acyclovir. Antifungal prophylaxis included fluconazole in 252 (84%) patients, echinocandins in 29 (10%) (micafungin in 28; caspofungin in 1), and mold-active azoles in 3 (1%) (itraconazole in 2; posaconazole in 1). Seventeen (5%) patients received secondary antifungal prophylaxis with mold-active triazoles (n = 12) or liposomal amphotericin-B (L-AmB) (n = 5). Fever workup (≥38°C) routinely included urine and blood cultures, blood chemistry including procalcitonin, and chest X-ray. Chest computed tomography scan was scheduled for persistent unexplained fever or as clinically indicated. In case of radiological chest abnormalities, bronchoscopy with bronchoalveolar lavage (BAL) was performed whenever possible for microbiological testing including galactomannan (GM) antigen detection. Surveillance serum Aspergillus GM antigen was tested twice a week post transplant by using the doublesandwich ELISA Platelia Aspergillus (Platelia Aspergillus Assay-Bio-Rad Laboratories, Marnes, La Couquette, France). Diagnosis of IFI was made according to the revised European Organization for Research and Treatment of Cancer/Mycoses study group (EORTC/MSG) definitions [17] . Patients were evaluated for the occurrence of IFI from the start of conditioning regimen until last follow-up or the date of disease recurrence. All patients were started on broad spectrum antibiotic treatment on the first day of neutropenic fever. Antifungal treatment was started on the basis of the diagnostic workup or as empiric treatment after 48-72 h of persistent unexplained fever without any microbiologically documented infection at the discretion of the attending physician.
Study end points and statistical analysis
Primary end point was the impact of HCT-CI on the risk of developing post-HSCT IFI. Secondary end points were cumulative incidence of IFI, overall survival (OS), NRM, and infection-related mortality (IRM). OS was defined as the time from diagnosis to death from any cause. OS was calculated by the Kaplan-Meier method [18] and compared with the log-rank test. OS was also analyzed by the Cox proportional hazards model, comparing the two risk factors by the Wald test and calculating 95% confidence intervals. Risk factors included: age at transplant (≥56 vs. ≤55 years), primary disease (acute leukemia vs. others), donor type (MUD/other vs. HLA-identical sibling), source of hematopoietic stem cells (peripheral blood progenitor cells vs. bone marrow), conditioning regimen (reduced-intensity/nonmyeloablative conditioning vs. myeloablative), Cytomegalovirus (CMV) serology, HCT-CI (≥3 vs. 0-2), occurrence 
Results
Patients
Overall, 360 patients underwent an allograft during the study period. Twenty patients who received a second or third transplant, 11 patients with a diagnosis of nonmalignant disorders and 3 patients who underwent cord blood transplantation were excluded from the analysis. Comorbidity data were incomplete in 14 patients, whereas 312 patients had complete HCT-CI assessment and were included in the final analysis. Table 1 summarizes patient characteristics by low-intermediate or high HCT-CI.
Cumulative incidence, classification, and diagnosis of IFI
Overall, 51/312 (16%) patients experienced at least one IFI, defined as possible in 19 (6%), probable in 27 (9%), and proven in 5 (2%) by the EORTC/MSG criteria. Median time from transplant to diagnosis of IFI was day +70 (range 1-1122 days). Cumulative incidence of probable-proven IFI at 1 year was 8.5% with a significant higher IFI incidence in patients with high HCT-CI (12%) as compared with those with low-intermediate HCT-CI (5%; p = 0.006) (Fig. 1) . In patients with high HCT-CI, 84/140 (60%) had severe pulmonary comorbidity (weighted HCT-CI score = 3). There was a remarkable trend for a higher incidence of baseline severe pulmonary comorbidity in patients who developed probable-proven IFI, 47% (15/32), as compared with those patients who did not develop IFI, 23% (60/261) (p = 0.051). All cases of probable IFI were diagnosed by the combination of typical lung infiltrates with positive GM antigen test (optical density index >0.5) from either blood samples (n = 7), BAL (n = 12), or both (n = 6). Two patients had positive beta-D-Glucan test (≥60 pg/ml). Proven IFI were caused by Aspergillus strains in three patients, by a zygomycete in 1 and by Trichosporon in 1. Predictors of overall survival, non-relapse mortality, and infectious-related mortality Logistic regression models (Table 2) showed that an advanced disease phase at the time of transplant, acute grade II-IV GVHD, and a comorbidity score ≥3 were factors significantly associated in univariate analysis to an higher risk of proven/probable IFI. By multivariate analysis, disease status and the interaction of high HCT-CI with acute GVHD were factors significantly increasing the risk of IFI. By univariate analysis, main risk factors for OS were age (<55 vs. ≥55 years, p= 0.042); transplant from alternative vs. matched sibling donors (p 0.013); development of IFI (p < 0.001), high HCT-CI (≥3, p 0.001), and absence of chronic GVHD (p= 0.042). Older age (p< 0.001), transplant from alternative donors (p =0.005), development of IFI (p < 0.001), high-risk CMV serology (defined as recipient-positive/donor-negative by pretransplant CMV serology) (p= 0.006); and chronic GVHD (p< 0.001); high HCT-CI (p < 0.001) were significantly associated with higher risk of 1-year NRM. A transplant from an alternative donor (p= 0.009), reducedintensity preparative regimens (p= 0.03), development of IFI (p < 0.001), high HCT-CI (p= 0.033), and chronic GVHD (p= 0.003) were significantly correlated with higher risk of IRM.
Overall survival and non-relapse mortality
By multivariate analyses, the development of IFI (HR 3.45, 2.01-5.93; p < 0.001) and the absence of chronic GVHD (HR 0.41, 0.19-0.93; p= 0.032) were significant predictors of worse OS; the development of IFI and mild to moderate cGVHD (p< 0.001) were associated with significantly higher risk of NRM (HR 9.39, 5.98-22.17; p < 0.001 and HR 4.61, 1.83-11.65; p< 0.001, respectively) and IRM (HR 11.19, 3.59-34.89; p < 0.001 and HR 4.8, 1.56-14.83; p =0.006, respectively), while older age was a significant predictor of NRM (HR 3.29, 1.35-8.0; p < 0.001).
Discussion
Among patients with hematologic malignancies, recipients of an allograft represent one of the categories at higher risk of developing IFI [1, 2] . Disease status at the time of transplant, HSCT from alternative donors, and presence of GVHD have clearly been described as major independent variables for both the risk of developing IFI and their clinical outcomes [2, 4] . The HCT-CI was developed to predict HSCT-related morbidity and mortality. A consistent number of studies showed that HCT-CI is associated with NRM, GVHD, and OS [12, [20] [21] [22] . In the present study, we investigated if the HCT-CI could be predictive of the development of IFI and associated mortality. In keeping with reports by other groups, our study showed an incidence of proven and probable IFI of 8.5% [2, 4, 23] . Notably, patients with HCT-CI ≥3 had a significantly higher incidence of IFI as compared with those with HCT-CI 0-2 (12% vs. 5%, respectively). Univariate analysis confirmed that high HCT-CI was associated with IFI. Two factors may have particularly influenced the risk of developing IFI in our patient cohort: firstly, advanced disease at the time of transplant in more than two-thirds of the patients that was correlated with increased risk of IFI in a study by Gruppo Italiano Trapianti di Midollo [2] ; secondly, severe pulmonary comorbidities that frequently contributed to high HCT-CI scores and may have predisposed to IFI. Several studies clearly documented that chronic obstructive pulmonary disease should be regarded as a predisposing condition for the development of IFI [5, 24, 25] . Interestingly, our multivariate analysis showed that, in patients who had both, the interaction of high HCT-CI and acute grade II-IV GVHD had a significant impact on the risk of IFI. This finding further confirms the welldocumented role of GVHD as a factor influencing the risk of IFI in HSCT recipients [2, 23, 26] .
In our study, other possible confounding factors could be ruled out. Fluconazole-based antifungal prophylaxis was largely employed in both HCT-CI cohorts (87% of patients in HCT-CI 0-2 group vs. 78% in HCT-CI ≥3 group) and only 17 patients (n = 8 in HCT-CI 0-2 group; n = 9 in HCT-CI ≥3 group) with a history of IFI prior to transplant received secondary prophylaxis. A reliable pre-transplant scoring system to assess the risk of developing IFI would be of great value in clinical practice. Liu et al. [23] demonstrated that an EBMT risk score >2 was an independent risk factor for IFI. The Bologna group developed an IFI risk prediction model in patients with hematological malignancies [27] . Neutropenia, lymphocytopenia, disease status, and prior IFI were factors that could discriminate between patients at low (risk score <6) or at high risk of IFI [27] . To our knowledge, our report is the first to show a significant association between HCT-CI and the risk of developing IFI. This finding may clinically be highly relevant as it identifies patients who may benefit from prompt and aggressive diagnostic workup. Furthermore, current guidelines recommend mold-active antifungal prophylaxis for patients who develop moderate-to-severe GVHD [28, 29] . Our results suggest that also the HCT-CI may identify patients who may benefit from this prophylaxis. Of note, the recommendation for mold-active prophylaxis in HSCT recipients with high HCT-CI is reinforced by our observation that all IFI but one was mold infections.
Despite the availability of a wide spectrum of antifungal agents, the development of IFI remains associated with poor clinical outcome. Martino et al. [30] showed that patients who developed IFI had a 2.1-and a 2.5-fold higher risk of NRM and IRM, respectively. Similarly, we found that the cumulative incidence of NRM was 49% and 16% in patients with and without IFI, respectively. Moreover, multivariate analysis confirmed that development of IFI was significantly associated with increased NRM and IRM. However, definitive conclusions that apply to all HSCT recipients cannot be drawn from our study, given the retrospective single-center analysis including only first transplants, and the not very large patient cohorts.
In conclusion, our study indicates that the HCT-CI correlates with the probability of developing IFI and their clinical outcome is very poor in patients with high HCT-CI. A further understanding of risk factors associated with IFI would improve our ability to discriminate high-risk patients who may benefit from more aggressive diagnostic and therapeutic strategies.
